Abstract -In this paper, we consider tbe problem of estimah ing the angular velocity of an induction motor using encoder measurements. -0 methods are compared, In tbe first method, tbe speed is found by calculating the backward differes~ce of tbe position measurem ent and low-pass filtering the result. In the second method, the velocity is estimated using a nonlinear observer constructed using the known dynamic model of the induction motor.
I. INTRODUCTION
T HE use of electric actuators is widespread in many applications, including transportation and manufacturing. Increasingly, high-performance tracking control over a wide range of operating conditions is being expected. Such performance has been made possible by the use of microcomputers operating at high clock rates and executing sophisticated state space control algorithms. In this context, an important issue is that of the reconstruction of the state variables which are not measured directly. For example, optical encoders are often used in precision tracking applications and, unless additional sensors are provided, it is necessary to numerically reconstruct velocity from position measurements. A straightforward method consists of simply taking backward differences of the position measurements to approximate the differentiation of position. The noise due to the encoder's quantization of the position measurement results in significant noise in the differentiated signal (i.e., ffie speed estimate). To limit the amount of this noise, it is necessary to filter the differentiated signal. One is then confronted with a trade-off between minimizing the filter's delay (high cutoff frequency) and filtering out unwanted noise (low cutoff frequency). Another approach consists in using the theory of observers to achieve the same objective. In this case, the position measurements and the values of the stator currents are used together with the dynamic model of the machine to obtain estimates of the rotor velocity.
Brown et al. [9] have analyzed several algorithms for velocity estimation from discrete position measurements. Specifically, they considered least-squares, Taylor series, and backward difference estimators for both fixed time and fixed position implementation. It was found that the backward difference estimator responded better to velocity changes compared to least-squares methods (although the latter does a better job of filtering noise out of the speed estimate). Lorenz and Van Patten [10] compared the performance of a dc tachometer velocity transducer with that of an observer for an ac machine. Their observer scheme uses the reference motor torque rather than the actual or estimated motor torque as done in our work. A conclusion was that there was a significant decrease in the ripple in the spectrum of the speed obtained using an observer compared to the ripple contained in the spectrum of the speed obtained using a dc tachometer. Here, we develop a comparison in terms of the two numerical speed estimation algorithms: a differentiator and an observer. The differentiation approach is important because it is simpler to implement, does not require current measurements, and does not rely on the model of the motor. However, it turns out that smoother operation of the motor can be achieved with an observer when high bandwidth dynamic control is required. Furthermore, it is shown that the use of an observer results in a significant reduction in the actuation power required by the motor over that consumed when using the backwards difference estimate of speed. These conclusions were reached after extensive experimentation reported in this paper.
Testing was performed on a small induction motor operating under tight control by a field-oriented controller combined with either a nonlinear speed observer or a speed estimate from filtered differentiation. A demanding trajectory was chosen in which the motor was turned 180" in less than 75 ms. The bandwidth required for this move severely limits the ability to design the filter for the elimination of noise resulting from differentiation. As an outcome of this, the observer-based control law was found to perform significantly better.
II. FIELD-ORIENTED CONTROL OF THE INDUCTION MOTOR
The standard mathematical model for a sinusoidally-wound, two-phase, multiple-pole induction motor is used [ 1], [6] , [8] . It is standard practice, and validated experimentally in [4] , to also use this model for induction motors with squirrel cage rotors. The state space model of the induction motor in the rotor flux field-oriented coordinate system is [l] , [2] , [8] A common method of simplifying this model for the controller design is to force the system into a current-command mode [5] . That is, one uses PI current loops of the form (2) to force id and i, to track their corresponding references id+ and iqrr respectively. Using large feedback gains, these PI current loops result in fast responses for the currents with the consequence that i& and i,, can then be considered as new inputs and the system equations (2) 
III. FLVX OBSERVER WITHOUT A SPEED MEASUREMENT
The field-oriented controller requires knowledge of p and $d. This is accomplished using an observer for p and '$d assuming that the speed is known. We first modify the standard flux observer so that speed is not required.
The second and fifth equations of the system (1) describe the dynamics of p and $d and are repeated below for convenience.
To eliminate the dependency on speed, we let S be the slip angle so that
is the slip speed with p(t) = npO(t) -np6(0) + S(t).
The estimates for p and $d are then found by solving in real-time the system
where fi is the estimate for p and & is the estimate for ?+!$& This approach assures that the accuracy in computing the integral of the quantity s,'n,w(t) dt = ape(t) -rzpO(0) does not depend on the speed estimate, but is limited only by the encoder resolution.
The convergence rate of the error dynamics of this observer is bounded by the rotor time constant TR = LR/RR = l/q [3] . Verghese and Sanders [3] have given alternative estimation algorithms which alIow one to specify an arbitrary rate of convergence. However, the motor used in our experiments has a small rotor time constant (less than 4 ms) so that the above observer suffices.
IV. SPEED OBSERVER
It is intuitive to compute the speed by a backward difference (numerical differentiation) of the position output from the optical encoder by
where T is the sample period. Using a 2000 pulse/rev encoder (typical in many systems), the error in this estimate is (tightly) bounded by (2x/2000)/T (cf. [lo] ). This noise is particularly significant at high sample rates and low speeds (since less encoder counts are detected per sample period than at higher speeds). For example, in the experimental results presented below in which the motor is turned lgO" in 73 ms, the top speed of the motor is just under 75 rads/s. Furthermore, this move required a sample rate of 8 kHz. In this case, the error bound on the speed computed by differentiation is (2?r/2OOOJ8000 = 25.13 rad/s which is quite large since only four different values of speed are provided between 0 and 75 rads. We now consider an alternative approach to obtaining the speed by estimating its value based on the measured position and the estimated motor torque. Recall that the speed and position are governed by The convergence of & + w is ascertained by studying the error system defined by subtracting (10) from (9), that is &,/dt = ~2 -l,e, &z/dt = -(B/J)q -L2~1 whece ~1 g 0 -e^, ~2 4 w -5, and the assumption that p&& ---) pq!& he been used [13] . As shown in Section 3. the observed flux $~d (which we have made independent of the speed observer) converges sufficiently fast to $d making this approximation valid. The characteristic polynomial of the error system is s2 + (Cl + B/J)s + (.fz + f2, B/J) so that 2 e w -;I + 0 at a rate which can be set arbitrarily by proper choice of observer gains ,!?I and f&. A block diagram of the Current-Command Field-Oriented Controller is given in Fig. 1 . Remark: Our interest here is servo control for motion control systems in which the loads are often mostly inertial. However, the above approach to speed estimation can be easily extended to include an estimate of any load torque TL (see [7] where a load-torque observer is used in a speed control system). Specifically, to estimate the load torque, it is modeled as a constant and d(r~/J)/dt = 0 is augmented to the system (9) 
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V. EXPERIMENTAL RESULTS
A six-pole l/12 horsepower two-phase induction motor with a squirrel cage rotor was used for experimentation. It is rated for 2.4 A (continuous) and 60 V. The hardware setup (see Fig. 1 ) consists of a Motorola DSP56001 digital signal processing system, two PWM amplifiers (&80 V and &6 A), 8-b A/D's and 12-b D/A's with associated electronic interface boards and an induction motor equipped with a 2000 pulse/rev encoder (resolution of 360°/2000 = 0.18'). The parameters were identified using the technique given in Stephan et al. [4] and were found to be M = 0.011 H, RR = 3.9 R, Rs = 1.7 fl, LR = 0.014 H, LS = 0.014 H, B = 0.00014 N -m/rad/s, and J = 0.00011 Kg . m2. The load torque T-L is zero and the sample rate is 8 kHz. The observer gains were set as 11 = 1.8 x lo3 and e2 = 8 x lo5 so that both poles of the observer error system are -894 rad/s giving approximately a one millisecond time constant. These gains are therefore large enough so that estimation error converges to zero quickly (relative to the time scale of the experimental trajectories) yet small enough so that an 8-kHz integration rate is fast enough to accurately numerically integrate the system (10) (whose time constant is about 1 ms). Furthermore, as seen in the experiments reported below, these gains are a good compromise between the desire for a fast rate of decay of the estimation error and for rejection of high-frequency noise.
Our interest in the speed observer is to achieve highperformance point-to-point moves required in motion control systems. A typical scenario would be to have the motor connected to a linear positioning table through a ball screw so that the load would be an inertial one. As indicated in Fig. 1 , the setup used here does not have such a load. However, the addition of a positioning table only changes the value of the moment of inertia J in the previous analysis. Moreover, due to the gear ratio of the ball screw, the increase in J as seen by the motor is insignificant. These claims are consistent with the authors' experimental work with stepper motors connected to positioning tables as reported in [ 11], [12] . 
A. A 180' Turn of the Motor with the Speed Observer
The interest here is in using an induction motor for highperformance motion control applications. Consequently, the trajectory chosen for the experiments was a fast point-to-point move in which the motor turned 180" in 73 ms. The flux reference was chosen to be constant &. E Plf& = Mid0 with ido = 5.5/a A [6] . 'Ihe reference position and speed are indicated by dashed lines in Figs. 2 and 4 . The PI current gains in (2) were set at &I = 740, Kdp = 6.4, Kpr = 740, and Kqp = 6.4. The PID gains for the tracking error in (4) were set at Ko = 1.07 x 106, KI = 7.04 x 105, and K2 = 1.07 x 103. The gains for the flux regulator (5) were chosen as Kp = 1600 and KI = 23000. These gains were tuned experimentally to minimize the position error. Fig. 2 is a plot of the measured position along with the reference position (the two are so close that they are indistinguishable in this figure) . The position error in encoder counts is given in Fig. 3 .
Note that the motor position error stays between -2 and 1 encoder counts during the entire run and the final position is within one encoder count at the end of the run. Fig. 4 is a plot of the estimated speed & along with the reference speed. As the actual speed is not known, it is not possible to distinguish with certainty between noise in the speed estimate & and actual oscillations in w. However, it appears by comparing Fig. 4 with Fig. 3 that the speed estimate & is reflecting some actual oscillations in w. For example, in Fig. 3 , at a time just before 0.08 s, the encoder count goes from 0 to 1 and then back I a01 am a03 a(w aor a06 a07 aoa a09 from 1 to 0 while the speed estimate (see Fig. 4 ) in this same time period goes slightly positive and then slightly negative consistent with the motion recorded by the encoder counts. For comparison purposes, the same trajectory was tracked with the speed computed-by backward difference of the position measurement as &b(k) = (e(kT) -e((k -l)T))/T with T the sample period. Even after adjusting the feedback gains, the position error was found to be between -10 counts and 6 counts during the move which is significantly larger than the position error with the speed observer. A plot of &(li) is given in Fig. 6 where it can be seen that the spikes are given by (21r/2000)8000 = 25.13 tad/s.
To improve the speed estimate based on the backward difference calculation, moving average filters have been studied in [9] . However, any moving average type of filter, by virtue of being linear time-invariant, can be represented as the cascade of a backward difference algorithm and a filter (typically a low-pass filter). Given this fact, our view is that one might as well combine the backward difference algorithm with a standard low-pass filter. In this view, &b(k) was put through a third-order Butterworth filter with a cutoff frequency of 1000 Hz with the output of the filter &f(k) then used for feedback. The lOOO-Hz cutoff was found experimentally to provide the smallest position error response. Using a smaller cutoff frequency provided too much delay in the filtered speed while larger cutoff frequencies did not filter enough noise. This problem of the delay in the speed estimate will clearly be shared by any other moving average filter. The PI current gains in (2) were set at Kdr = 740, Kdp = 6.4, K,I = 740, Kqp = 6.4. The PID gains for the tracking error in (4) were chosen as Ko = 6.97 x lo', K1 = 6.54 x lo', Kz = 2.07 x 103. The gains for the flux regulator (5) were chosen as Kp = 1500, KI = 2300. As before with the speed observer, these gains were tuned experimentally to minimize the position error. The sample rate was 8 kHz.
With the filter, the position error response was found to stay between -4 and 2 encoder counts (see Fig. 7 ) which is comparable, yet slightly larger than the position error response using the speed observer. As seen in Fig. 8 , the speed computed by filtered backward differentiation of the position is significantly more oscillatory compared to that of Fig. 4 when the observer is used. One cannot say for sure whether these oscillations are actual speed oscillations or just noise in the estimate of speed. However, the position error plot of Fig. 7 exhibits fluctations of position at the end of the run consistent with the velocity estimate fluctations in Fig. 8 . In addition, Fig. 9 shows large oscillations in the quadrature current i, while +d is being held constant by the field-oriented controller. So, as the torque is given by p$&, we suspect velocity fluctuations to result from the torque oscillations. In contrast, when the speed observer is used, the oscillations in i, are significantly reduced (see Fig. 5 ) which in turn is consistent with the smaller' oscillations in the speed observer's estimate of speed shown in Fig. 4 .
Finally, we note the difference in the power and energy required to make the move when using the two speed estimates. Fig. 10 is a plot of the input power idud + i,u, during the run for both the speed observer and backward difference. The solid line denotes the input power used when the speed is estimated by the observer while the dashed line denotes the input power used when the speed is estimated using a filtered backward difference. Note the large increase in instantaneous power required when the backward difference estimate of speed is used instead of the speed observer. The total energy used, given by &073(idud + i,u,) dt, was calculated to be 8 J using the backward difference estimate versus 3.5 J using the speed observer. There too, the speed observer performs significantly better. Consistent with what was reported in [lo] , we observed that the motor ran more quietly when using the speed observer.
VI. CONCLUSION
We have shown that an induction motor under field-oriented control using a speed observer can achieve precise tracking of a fast point-to-point position reference. In particular, the use of the speed observer was shown to result in reduced tracking errors and lower peak power and energy requirements, as compared with an estimator based on the filtered backward difference algorithm. Experimental results were presented to support these conclusions.
